Plants always adjust the opening of stomatal pores to adapt to the environment, for example CO 2 concentration ([CO 2 ]), humidity and temperature. Low [CO 2 ] will trigger the opening of stomatal pores to absorb extra CO 2 . However, little is known about how CO 2 supply affects the carbon fixation and opening of stomatal pores in rice. Here, a chloroplast-located gene coding for b-carbonic anhydrase (bCA) was found to be involved in carbon assimilation and the CO 2 -mediated stomatal pore response in rice. OsbCA1 was constitutively expressed in all tissues and its transcripts were induced by high [CO 2 ] in leaves. Both T-DNA mutant and RNA interference lines showed phenotypes of lower biomass and CA activities. Knockout of OsbCA1 obviously decreased photosynthetic capacity, as demonstrated by the increased CO 2 compensation point and decreased light saturation point in the mutant, while knockout increased the opening ratio of stomatal pores and the rate of water loss. Moreover, the mutant showed a delayed response to low [CO 2 ], and stomatal pores could not be closed to the same degree as those of wild type even though the stomatal pores could rapidly respond to high [CO 2 ]. Genome-wide gene expression analysis via RNA sequencing demonstrated that the transcript abundance of genes related to Rubisco, photosystem compounds and the opening of stomatal pores was globally upregulated in the mutant. Taken together, the inadequate CO 2 supply caused by the absence of OsbCA1 reduces photosynthetic efficiency, triggers the opening of stomatal pores and finally decreases their sensitivity to CO 2 fluctuation.
INTRODUCTION
The velocity of non-enzymatic catalysis of CO 2 hydration/ dehydration reactions is very low and insufficient to support biochemical procedures which require inorganic carbon as a substrate. Carbonic anhydrase (CA; EC 4.2.1.1), a Zn-containing protein, catalyzes the conversion between CO 2 and HCO 3 À and plays an important role in almost all carboxylation or decarboxylation reactions, such as inorganic carbon metabolism, ion balance, pH stabilization and water balance (Tashian, 1989) . At first, CAs were divided into five orthologs -a, b, c, d and e -according to their amino acid sequences (Fabre et al., 2007) . However, the crystal structure of e-type CA, which was identified in marine cyanobacteria, implies that it is a derivative of b-type CA (So et al., 2004; Sawaya et al., 2006) . At present, all the CAs identified in animals are a-type CAs and those from other eukaryotes are a-, b-and c-type CAs. So far, the only d-type CA was isolated from a diatom (Roberts et al., 1997) .
In algae, the expression of aCA (CAH1) induced by a low CO 2 concentration ([CO 2 ]) can accelerate the conversion between CO 2 and HCO 3 À to ensure the diffusion of CO 2 across membranes in Chlamydomonas reinhardtii (Van and Spalding, 1999) . CO 2 hydration mediated by another aCA located in the thylakoid lumen (CAH3) was reported to supply sufficient CO 2 around the Rubisco activity site (Raven, 1997) , and the chloroplast-located bCA encoded by CAH3 was reported to reserve inorganic carbon in the chloroplast and prevent the escape of CO 2 (Mitra et al., 2004) . Arabidopsis, a C 3 model plant, has eight aCAs and six bCAs, and the aCA transcripts are insensitive to alteration of [CO 2 ] except for AtaCA2 and AtaCA3, whose mRNA transcripts are induced by low [CO 2 ] (Fabre et al., 2007) . A previous report has suggested that the transcript of AtbCA1 is induced by high [CO 2 ] (660 p.p.m.) (Raines et al., 1992) . The chloroplast-located bCA in C 3 plants is mainly involved in the rapid diffusion of CO 2 through the chloroplast membrane by hydrating CO 2 to bicarbonate Jebanathirajah and Coleman, 1998 ). An additional biological function of chloroplast-located bCA is involvement in the dehydration of HCO 3 À in the alkaline environment of stroma and in the supply of CO 2 for Rubisco (Jebanathirajah and Coleman, 1998; Ferreira et al., 2008) . Growth of the T-DNA insertion mutant of AtbCA1 is significantly reduced in the ambient environment and this trait can be recovered by CO 2 or sucrose supplementation (Ferreira et al., 2008) . However, no significant differences in Rubisco activity, chlorophyll content, dry weight or stomatal conductance were reported in the antisense RNA transgenic tobacco plants . However, it was reported that CA did not influence photosynthesis in maize under ambient conditions (Studer et al., 2014) . The proper degree of opening of stomatal pores is vital for a sufficient influx of CO 2 as well as for preventing excessive loss of water. The opening of guard cells is mediated by the signals of Ca 2+ , ABA and CO 2 in plants ( Kim et al., 2010) . Compared with Ca 2+ and ABA signals, the mechanism of CO 2 -mediated stomatal response remains unknown. At first, Rubisco and phosphoenolpyruvate carboxylase were recognized as the putative regulators in early CO 2 signaling in guard cells; however, this result was invalidated by subsequent studies (von Caemmerer et al., 2004; Cousins et al., 2007) . The phenotypes in dual mutation of AtbCA1 and AtbCA4 (independently encoding proteins located in the chloroplast and plasma membrane) suggested that in the guard cells of Arabidopsis these two bCAs also serve as upstream regulators or receptors in early CO 2 -mediated stomatal movements (Hu et al., , 2015 . Further study implied that bicarbonate, the product of CAs, perhaps serves as a small molecule activator of SLAC1 anion channels in Arabidopsis guard cells (Xue et al., 2011) . Rice is an important cereal crop that feeds more than 50% of the world's population (Yu et al., 2002) . It was previously reported that the expression of OsbCA1 can be induced by environmental conditions and deficiency of CA activity will affect CO 2 -transfer resistance in Zn-deficient rice leaves (Sasaki et al., 1998; Yu et al., 2007) . However, the specific roles that OsbCA1 plays in CO 2 assimilation have not been characterized in rice. Hence, we aimed to elucidate the biological functions of OsbCA1, a chloroplastlocated bCA, in rice. The results should help illustrate the mechanism of the CO 2 -stomatal conductance (GS) response and CO 2 assimilation in rice.
RESULTS

Characterization and gene structure of OsbCA1
The genomic DNA and cDNA sequences of OsbCA1 (LOC_Os01g45274) suggested that it contains eight exons and seven introns, and codes 272 amino acids including the main CA domains of zinc binding, interaction with water molecules and CO 2 hydrophobic pockets ( Figure 1a , Figure S1b ). The gene structure and primers used in this study are presented in Figure 1 and Data S3.
Expression profiling and subcellular localization assay of Osbca1 in rice Semi-quantitative PCR was conducted on cDNAs from the root, stem, leaf, sheath, panicle and stamen to determine the organ-/tissue-specific expression patterns of OsbCA1 in rice. Even though the transcript abundance in root and stamen was relatively lower than in other tissues, the results showed that OsbCA1 was constitutively expressed in all the tissues (Figure 2a) . Moreover, to confirm the expression pattern of OsbCA1, transgenic plants were generated with a P ca1 ::GUS vector, in which the GUS reporter gene was driven by the promoter of OsbCA1. After GUS histochemical staining, GUS signals could be detected in the root, stem, leaf, sheath, panicle and stamen, which was in accordance with the RT-PCR results (Figure 2c- (Figure 2b ) (Raines et al., 1992; Yu et al., 2007) .
The CAs exhibit a variety of subcellular localizations in Arabidopsis, such as chloroplast, mitochondria, cytosol and plasma membrane (Fabre et al., 2007) . OsbCA1 encodes a putative chloroplast-located bCA. Here, a coding sequence (CDS) with the deletion of stop code was fused to gfp under the control of P ca1 to confirm the potential localization of OsbCA1 in chloroplast via Agrobacteriummediated transformation (Figure 3a ). In the stable transgenic plants, the GFP signal was perfectly co-located with the chloroplast autofluorescence signal in the leaf sheath, suggesting that OsbCA1 is located in the chloroplast (Figure 3e-g ). Interestingly, the GFP signal was also strongly detected in the polar sides of the guard cell, in which gas exchange mainly takes place (Figure 3b-d) . These results also indicated that the transcript of OsbCA1 was highly accumulated in guard cells even though the GUS signal could not be clearly distinguished in the guard cells of promoter transgenic lines due to the deficiency of the GUS histochemical staining method in rice.
Identification of T-DNA insertion mutants of OsbCA1 in rice
To investigate the putative biological and physiological roles that OsbCA1 plays in CO 2 response and assimilation, two T-DNA insertion libraries (Postech and RMD) were screened by a BLASTn search to identify the ca1 mutants. Different pairs of primers were used to determine the genotypes and transcript abundance (Data S3), and finally the flanking sequence of PFG_2C-20455.L (Postech) showed that the T-DNA was inserted in the first intron of OsbCA1 (Figure 1a,c) . The seeds of heterozygous plants were selected for co-segregation analysis, and homozygous (ca1) and wild type (wild*; this plant and ca1 were derived from single T-DNA insertion event) plants were identified in the segregated population for most of the further physiological analyses (Figure 1b,c) . The results of semi-quantitative PCR suggested that knockout of CA expression in ca1 and T-DNA insertion decreased the CA activity by nearly 70% in vivo (Figure 1d ,e). The transcript abundance and CA activity were stringently co-segregated with the genotypes (Figure 1b-e) . 
Roles of Osbca1 in assimilation of CO 2
Similarly to AtbCA1 (At3g01500) in Arabidopsis, the ca1 mutant showed a phenotype of decreased biomass, which was consistent with the fresh and dry weights of the shoot at 35 days after germination (Figure 1b,c) (Ferreira et al., 2008) . The decrease of biomass suggested that the knockout of OsCA1 resulted in an impaired CO 2 assimilation. To confirm this conclusion, the CO 2 assimilation rate (Pn) under different [CO 2 ] and light densities was investigated. The results suggested that the mutant has a deficiency of CO 2 assimilation under all CO 2 conditions (50, 100, 250, 400 and 600 p.p.m.) (Figure 4a) . Moreover, the Pn values were obviously decreased under high-light environments (750 and 1000 lmol photons m À2 sec À1 ) and there were no significant differences in CO 2 assimilation under low-light conditions (250 lmol photons m À2 sec À1 ) (Figure 4b ).
SEM observations of stomatal pore and effect of OsbCA1 on water loss
According to the observations that the GS value of ca1 was higher than that of wild type under normal conditions (400 p.p.m. [CO 2 ] and 1000 lmol photons m À2 sec À1 ), theoretically, the higher GS value might result in a faster loss of water. Indeed, ca1 showed faster water loss than wild type (Figure 4c,d ). Stomatal density and aperture are two main factors related to GS. In our results there were no remarkable differences in the stomatal density between ca1 and the wild type under ambient conditions; however, the stomatal closure ratio was decreased in cal1, which might be the main reason for the higher GS value and faster water loss ( Figure 5 ). (Figure 6a ,b).
Effects of
In contrast to the case of CO 2 -induced stomatal pore response, the light-directed stomatal pore responses of the wild* type and ca1 were not significantly different. Both the wild* type and ca1 showed a robust and similar response to dark (0 lmol photons m À2 sec À1 ) and light (1000 lmol photons m À2 sec À1 ), even though the peak GS value in ca1 was higher than that in wild* type (Figure 6e) .
Physiological performances of complementary and RNA interference transgenic lines
To confirm the gene functions of bCA1, complementary and RNA interference (RNAi) transgenic lines were generated by Agrobacterium-mediated stable transformation based on ca1 and Hwayoung backgrounds, respectively. After Southern blotting assay, the single-copy lines were selected for genetic assay and the homozygous and wild* type were used for enzymatic and physiological assays ( Figure S5 ). The genetic backgrounds of the complementary transgenic lines were confirmed by PCR using different pairs of primers. The results showed that the transcripts of bCA1 were re-obtained in ca1* and the phenotype of retarded growth was recovered in the transgenic lines (Figure 7a,b) . The enzymatic activities of CA were recovered in the complementary lines, and were even slightly higher than those in the wild type (Figure 7e) . Meanwhile, the CO 2 -directed stomatal pore response was restored in the complementary lines (M C8 ) compared with the wild type (ca1 * ), which was confirmed by the relatively lower GS at 800 p.p.m.
[CO 2 ] and the stable and rapid response to 100 p.p.m.
[CO 2 ] (Figure 6c ). On the other hand, the transcripts of bCA1 were obviously decreased in the RNAi lines due to double-stranded RNA-directed RNA silencing (Figure 7c ). The enzymatic activities were also reduced to different extents, which was consistent with the abundance of mRNA (Figure 7e ). Even though there were no obvious differences in growth between most of the RNAi lines and the wild type, R 21 showed slight growth retardation compared with the wild type, the major reason possibly being that the transcripts of bCA1 in RNAi lines were knocked down rather than completely knocked out (Figure 6d) . Similarly, the GS-CO 2 response was defective in R 21 compared with the wild type (wild @ ) even though there was no obvious difference in the closure of the stomatal pore at 800 p.p.m. [CO 2 ], suggesting that the remaining bCA1 activity was sufficient for the response to high [CO 2 ] (Figure 6d ). Globally increased expression of genes related to photosynthesis and stomatal pore opening due to the absence of OsbCA1
In order to dissect the potential mechanisms of deficient CO 2 assimilation and retarded GS-CO 2 performance in ca1, a comparative transcriptome analysis was carried out between ca1 and the wild type. A total of 1126 genes with q-values lower than 0.05 were differentially expressed in ca1 and the wild type (Data S1 in the Supporting Information). Among these differentially expressed genes, 729 were notably upregulated and 397 were evidently downregulated in ca1 (Data S1). Interestingly, the transcripts of many genes related to photosynthesis were obviously increased in ca1, such as the genes encoding ribulose bisphosphate carboxylase large subunits, photosystem compounds, cytochrome P450 and ATP synthase (Data S1). Meanwhile, the transcripts of ammonium transporters were also accumulated in ca1 (Data S1). Even though the transcript levels might not be a completely solid representation of the real protein levels, the transcriptome could provide some details of regulation of gene expression with regard to carbon metabolism. For example, ca1 indeed showed a higher Rubisco activity compared with wild type in vivo (Figure 4d ). These results suggested that the deficiency of CA activity in the chloroplast resulted in decreased photosynthetic efficiency and increased photorespiration and ammonium release. The upregulation of the genes relating to photosynthesis and ammonium transporters might be the result of the feedback regulation of CO 2 deficiency, low carbon fixation and high ammonium release during photorespiration.
On the other hand, many genes relating to stomatal pore opening were also upregulated in ca1. For example, many putative potassium transporters, cation transporters and ABC transporter family genes were significantly upregulated in ca1 (Data S1) (Lee et al., 2008; Kim et al., 2010) . Additionally, the transcripts of most genes encoding calmodulin-dependent protein kinases were also obviously accumulated; and the transcripts of many isoforms of ATPase, whose activation was confirmed to be required for stomatal pore opening, were upregulated in ca1 (Data S1) (Shimazaki et al., 1986) . However, a SKOR transporter, which directs potassium efflux from guard cells to result in stomatal pore closure, was slightly decreased in ca1 (Data S1) (Johansson et al., 2006) ; and the transcripts of C 4 -dicarboxylate transporter/malic acid transport proteins were decreased in ca1 (Data S1). These results suggested that the lack of CA activity in chloroplast caused CO 2 deficiency in the Rubisco activity site, which led to a decrease in photosynthesis. Photosynthesis (dark reaction) was deficient due to an inadequate supply of CO 2 in the mutant. Theoretically, the mutant would accumulate extra NADPH and increase the redox potential in vivo, and redox regulation would be finally activated. Indeed, in our comparative transcriptome data many genes related to redox regulation were upregulated in the mutant, such as the genes coding NADPHdependent oxidoreductase, glutathione S-transferase, thioredoxin and oxidoreductase (Data S1) (Ahsan et al., 2009 ).
In addition, many transcription factors were upregulated in ca1, such as MYB-, GRAS-and WRKY-like transcription factors; however, the significant roles that they may play in CO 2 assimilation and the GS-CO 2 response are unknown at present (Data S1).
Characterization and phylogenetic analysis of CAs in rice
Thirteen putative CA homologs, including two bCAs (it was reported that there are four bCAs in the rice genome; however, the authors found that there were indeed two when they re-did the alignments; Williams et al., 2012) and 11 aCAs (Data S2), were identified by BLAST and alignment of conserved CA domains in the rice genome (TIGR, Rice Genome Annotation Project Release 7, http://rice.plantbiol ogy.msu.edu/), and most of them could be confirmed by the full-length cDNA database (KOME) (Data S2). To reveal the phylogenetic relationships of OsCAs with CAs in Arabidopsis, 14 CAs including 8 aCAs and 6 bCAs systemically numbered by Fabre were selected for phylogenetic analysis (Fabre et al., 2007) . The phylogenetic tree could be divided into two subgroups according to a-and b-type CAs ( Figure S1 ). The highest identity was observed between AtbCA1 (At3g01500) and OsbCA1, whose major biological functions are illustrated in this study ( Figure S1 ). The phylogenetic tree showed that there were more varieties in the aCA subfamily than in the bCA subfamily. Protein alignments suggested that all the CAs contained the conserved amino acid residues of Zn-binding, water interaction and the CO 2 hydrophobic pocket ( Figure S1 ) (Fabre et al., 2007) .
All the CAs had specific probe sets in the expression microarrays that covered the entire life cycle of rice (Wang et al., 2009) . Based on the hybridization signals and the results of RT-PCR, each of the CAs was expressed in at least one tissue or at one developmental stage (Figures 8 and S4) . Generally, the CAs could be divided into three subgroups according to the expression profiles: CAs involved in phytohormone response (aCA3, aCA4 and aCA5), in photosynthetic tissues (aCA1, aCA2, aCA6, aCA7, bCA1 and bCA2) and in reproductive tissues (aCA8, aCA9, aCA10 and aCA11), according to the microarray data and RT-PCR results ( Figure S1 ). The biological functions of the CAs abundantly expressed in reproductive tissues are still unknown. We tried to confirm which CA member would be induced in the knock-out of bCA1 in our transcriptome data; however, members of neither aCA nor bCA were found to be upregulated in ca1 (Data S2).
The exon and intron structure analysis indicated that all the CAs except for OsaCA10 (LOC_Os11g05520) contained at least one intron ( Figure S2 ). The intron phase was analyzed by GSDS (Gene Structure Display System, http://gsd s.cbi.pku.edu.cn/). Sub-classes I and II showed similar intron phases, suggesting that these members became new CA genes by gene duplication and introns were introduced into the new members during gene evolution (Figure S3) . Moreover, the aCAs on chromosome 8 obviously belonged to one subfamily and were located at relatively close physiological positions ( Figure S3 ).
DISCUSSION
Carbonic anhydrase is an enzyme widely existing in all organisms. Here, we characterized the functions of a chloroplast-located bCA in rice.
Roles of CA in photosynthesis of rice leaf
Carbonic anhydrase activities were substantially decreased in both T-DNA knockout lines and RNAi knockdown lines and were restored to the wild type level in complementary lines, indicating that OsbCA1 contributes most to CA activity in rice (Figures 1 and 6 ). Additionally, AtbCA1 was also reported to make the biggest contribution to CA activity in Arabidopsis, a dicot (Ferreira et al., 2008) , and CA activity was obviously suppressed in antisense transgenic tobacco plants . Thus, the chloroplastic bCAs are probably the preferential members in plants and the remaining CA activity might be attributed to other b-and a-type CAs (Rumeau et al., 1996; Evans et al., 2009) .
AtbCA1 is important for cotyledon photosynthesis rather than for mature leaf photosynthesis; in contrast, OsbCA1 plays a key role in supplying adequate carbon for the chloroplasts in mature leaves, which could be confirmed by the results that (i) the biomass of ca1 and some RNAi lines was significantly decreased in rice, (ii) the transcripts of the genes related to photosynthesis were feedback upregulated in ca1 as indicated by the RNA-seq data, (iii) the mutant showed a higher CO 2 compensation point and a lower light saturation point, and (iv) ca1 showed higher Rubisco activity (Figures 1 and 4 , Data S1) (Ferreira et al., 2008; Ludwig, 2011) . This might explain why OsbCA1 was highly recruited in mesophyll chloroplast (Figure 3) . The lower Pn values under different [CO 2 ] and light conditions and the relatively lower biomass in ca1 suggest that OsbCA1 may participate in CO 2 assimilation in rice (Figure 4a,b) . The decrease in Pn value under high-light conditions and no obvious difference under low-light conditions in cal indicates an inadequate CO 2 supply for Rubisco (Figure 4b) . Moreover, the mutant showed a higher CO 2 compensation point (nearly 100 p.p.m.) and lower light saturation point (<500 lmol photons m À2 sec À1 ), suggesting that OsbCA1 is mainly involved in response to CO 2 rather than light (Figure 4b ). It was reported that Rubisco activity and the chlorophyll content of antisense transgenic tobacco plants were not obviously decreased and, in this study, RNAi plants showed no obvious difference in phenotype. However, the transcripts of the genes related to photosynthesis were globally increased in ca1, including the transcription and activity of Rubisco. This result suggests that even though the CA activity is decreased by 80% compared with wild type, it is still sufficient for carbon fixation and only complete deficiency of OsbCA1 can cause an inadequate supply of CO 2 for Rubisco and influence the expression of photosynthesis-related genes in rice (Data S1) Price et al., 1994; Jebanathirajah and Coleman, 1998; Ferreira et al., 2008) . Moreover, the obviously increased expression of ammonium transporters indicates that the increased photorespiration activity of Rubisco due to CO 2 deficiency will lead to the accumulation of ammonium in ca1 (Data S1). However, the functions of OsbCA1 in other tissues need to be further studied in depth.
Dominant position of OsbCA1 in rice
The CAs represent a multigene family that includes different types and members with various organ-specific expression patterns (Tetu et al., 2007) . Interestingly, even though there are six transcripts encoding bCAs in the Arabidopsis genome, there are just two b-type transcripts in the rice genome [OsbCA1 and OsbCA2 (LOC_Os09g28910); Data S1] (Fabre et al., 2007) . Only double mutants of CA1 and CA4, which are respectively located in the chloroplast and plasma membrane, showed insensitivity to the GS-CO 2 response in Arabidopsis; and deficiency in the GS-CO 2 response was observed in the OsbCA1 mutant, suggesting that multiple biological functions of different CA isoforms in Arabidopsis have been endowed to OsbCA1 during evolution in rice -which is a monocot rather than a dicot like Arabidopsis . The result that OsbCA1 was involved in the GS-CO 2 response is consistent with the fact that OsbCA1 was highly recruited in stomatal pore cells (Figure 3b-d) . Moreover, in this study, no other CA member was found to be obviously upregulated in our RNA-seq data, indicating that OsbCA1 is an irreplaceable CA in rice.
Gene evolution of CAs in rice
Gene duplication and retrotransposon elements are two key mechanisms of gene evolution (Volff, 2006; Chatterji and Pachter, 2007) . The CAs are a super-protein family and always contain more than 10 members in plants (Fabre et al., 2007) . In this study, we identified two bCAs, 11 aCAs and no cCAs in rice (Data S1, Figure S1 ). The fact that there are relatively fewer bCAs in rice can explain the result that the mutation of a single CA gene is sufficient for the double mutant phenotype of CA1 and CA4 in Arabidopsis. Most of the aCAs are present on chromosomes 8 and 9 (Data S1, Figure S1 ), and it is interesting to find that OsCAs on chromosome 8 have similar intron phase patterns and they are physically close to each other (Figure S1 ), suggesting that gene duplication and intron loss/ gain might be important mechanisms during CA gene evolution (Chatterji and Pachter, 2007) . Moreover, near OsbCA1, one gene (LOC_Os01g45290) encoding a putative retrotransposon protein, which contains the conserve domains of interaction with water molecules and CO 2 hydrophobic pockets (YMVFSCADSRVCPSVTMGLEPGE AFTVRNIANMVPAY (LOC_Os01g45274) and YMVFSCADSR VCPTLTFGLQPGEAFTVRNIASMVPAY (LOC_Os01g45290), TIGR, http://rice.plantbiology.msu.edu/), was identified when we conducted tBlastn alignment. Thus, it is reasonable to speculate that LOC_Os01g45290 might be evolving to be a new bCA gene.
Deficiency of the GS-CO 2 response in the mutant
In this research and in Arabidopsis the bCAs have been proved to be involved in the GS-CO 2 response. However, the specific roles that bCAs play in this pathway are still unclear. One possibility is that bicarbonate enhances the Ca 2+ sensitivity of S-type anion channel currents in Arabidopsis guard cells (Xue et al., 2011) . Alternatively, the reason for the deficiency of the GS-CO 2 response in ca1 is that the deficit of CO 2 in the mutant physiologically stimulates the constant opening of the stomatal pore for extra CO 2 influx. As mentioned in the Introduction, in C 3 plants, CA functions in rapid trans-membrane diffusion and supplies adequate carbon for Rubisco by converting HCO 3 À to CO 2 in the alkaline environment of the stroma Jebanathirajah and Coleman, 1998) . The lack of CA activity in the chloroplast inevitably results in photosynthetic deficiency, which can be confirmed by the phenotypes of reduced biomass and decreased Pn values under different [CO 2 ], the higher CO 2 compensation point, the lower light saturation point and increased transcripts of the genes related to Rubisco, photosystem and ATP synthase in the mutant (Data S1). Thus, in ca1 the stomatal pores are physiologically stimulated to be constantly open to absorb extra CO 2 , which is consistent with the GS values, the lower stomatal closure ratio, the global accumulation of the transcripts of genes related to stomatal pore opening (such as those encoding potassium transporters, cation transporters and ATPase) and the decreased expression of SKOR (Data S1). Compared with that in the wild type, the GS-CO 2 response in ca1 was relatively slower and slighter, rather than there being no response ( Figure 6 ) . Therefore, it is possible that the retarded GS-CO 2 response in ca1 is not only the result of the deficiency of the GS-CO 2 response pathway, but also the result of the physiological response to constant opening of stomatal pores (Figure 9 ). At present, the mechanisms by which the absence of OsbCA1 upregulates the expression of genes related to stomatal pore opening are unclear, and one recent publication suggested that bicarbonate might be the central small molecule to activate the S-type anion channel in Arabidopsis (Xue et al., 2011) . Meanwhile, in our data and also data presented for Arabidopsis by Hu and colleagues, the mutant can respond to different [CO 2 ] just like the wild type but with a slower response rate. Thus, the clearer [CO 2 ]-direct stomatal response remains to be dissected in the future. Taken together, our results suggest that OsbCA1 participates in the supply of CO 2 for photosynthesis and the GS-CO 2 response in rice, and the knockout of OsbCA1 will physiologically stimulate stomatal pore opening for extra CO 2 influx.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
The T-DNA mutant (PFG_2C-20455.L, T1, Oryza Sativa L. ssp. Japonica cv. Hwayoung) was supplied by Postech (Jeong et al., 2002) . All the plants were planted in the field at Huazhong Agriculture University, Wuhan (average daily temperature approximately 35°C in summer) for molecular confirmation and enzyme activity assay. The samples and control plants were grown in the same breadbox (length 60 cm, width 40 cm, height 15 cm; 16/8 h, 28/ 16°C day/night; about 1200 lmol m À2 sec À1 during the day) in a greenhouse at Wuhan during winter for physiological measurements. Homozygous lines segregated from the T 1 population or seeds from heterozygous plants of wild type, mutant, complementary and RNAi lines were used for GS (stomatal conductance) and enzymatic analysis.
Genotyping of mutant plants
The genomic DNA was prepared as described by Zhang et al. (2007) , and the flanking sequence was obtained from SALK. One pair of genomic primers (P1 and P2) and one vector primer (P5) were used for co-segregation assay by PCR in the T 1 and T 2 generations as described by Yuan et al. (2009) . The PCR program was: an initial step of 94°C for 5 min for denaturing, followed by 32 cycles of 94°C for 30 sec, 56°C for 30 sec and 72°C for 40 sec.
Plasmid construction and rice transformation
The 2.3-kb upstream fragment of promoter containing part of the first exon (96 bp) (P ca1 ) was fused to GUS to generate the promoter vector (Ye et al., 2012) . The CDS with a deleted stop code was also fused to gfp for subcellular localization assay under the control of P ca1 . To obtain complementary transgenic lines, primers (Pc) were used to amplify the cDNA containing the chloroplast signal peptide coding sequence, and the fragment driven by P ca1 was cloned to Pc2301. A fragment of nearly 330 bp in the 3 0 end of cDNA was obtained to construct the RNAi vector (pDS1301), as described by Yuan et al. (2007) . After sequencing confirmation, all the vectors were used to generate transgenic plants by Agrobacterium-mediated transformation (Hiei et al., 1994) . RNAi lines were generated with a Hwayoung background, and promoter assay and subcellular localization were performed with a ZH 11 (Oryza sativa L. ssp. Japonica cv. Zhonghua 11) background. All the primers used in this study are listed in Data S3.
GUS staining and subcellular localization assay
The transgenic plants were planted in the field and different tissues (root, mature seed, stem, leaf, sheath and flower) were used for GUS staining as described by Ye et al. (2012) . Due to the relatively smaller cell number and fewer chloroplasts in leaf sheath cells, the leaf sheath and leaves in the tilling stage were used to monitor the GFP fluorescence signal by a confocal microscope TCS SP2 (Leica, http://www.leica-microsystems.com/).
Southern blotting, semi-quantitative PCR and real-time PCR
The genomic DNA was extracted by the cetyl trimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) and nearly 6 lg of DNA was digested by Hind III for Southern blotting as described by Lin and Zhang (2005) . The single-copy transgenic lines were selected for genetic and physiological analysis.
The CO 2 -treated leaves were obtained through high/low [CO 2 ] (800/100 p.p.m.) treatment in a CIARS-2 system for 30 min. All samples were immediately harvested and frozen in liquid N 2 and stored at À80°C until RNA purification. Total RNA was isolated from the flag leaves by TRIZOL reagent (Invitrogen, http://www.invit rogen.com/) according to the manufacturer's instructions. About 2 lg of RNA was used for reverse transcription by SuperScript TM III (Invitrogen). RT-PCR was performed following the PCR program described above. Real-time PCR was performed as described by Chen et al. (2011) . Actin1 (LOC_Os03g50890) was selected as a control during semi-quantitative PCR and real-time PCR.
Enzymatic activity assay and physiological measurements After centrifugation at 10 000 g. for 5 min, the supernatant was quantified by the Coomassie Brilliant Blue method (Bio-Rad, http://www.bio-rad.com/). Finally, the protein concentration was adjusted to 1 lg ll
À1
, and 20 lg of protein was added to 180 ll of analysis buffer (TRIS-HCl pH 8.0, 100 mM, NaHCO 3 10 mM, MgCl 2 20 mM, DTT 1 mM, NADH 0.5 mM, ATP 5 mM, Ribulose-1,5-disphosphate 2 mM, glyceraldehyde-3-phosphate dehydrogenase and 3-phosphoglyceric phosphokinase 5 U ml
). The absorbance of NADH at 340 nM was continually recorded using a Tecan Infinite M200 platform (http://lifesciences.tecan.com/) at 30°C and used for calculation of Rubisco activity.
Total soluble protein was extracted from leaves at the tillering stage with 20 mM sodium barbiturate buffer (pH 8.6). After quantification as described above, the crude protein was used for CA activity analysis by a modified potentiometric method (Wilbur and Anderson, 1948; Silverman, 1982) . This involved the addition of 0.4 ml of crude supernatant to 3.6 ml of 20 mM sodium barbiturate buffer, the reaction beginning when 4 ml of CO 2 -saturated water at 0°C was injected into the beaker. The CA activity was defined by the velocity of change of pH per mg of crude protein from 8.1 to 7.3.
Plants were selected for the determination of GS performance based on the CIARS-2 (PP Systems, http://ppsystems.com/) system at the tillering stage. The temperature and photon flux density conditions were 30°C and 300 lmol photons m À2 sec À1 with a relative humidity of about 50% for analysis of GS-CO 2 response curves. To obtain GS-CO 2 response curves, flag leaves were first balanced under ambient [CO 2 Leaves detached from 4-week-old seedlings were used for analysis of the water loss rate at room temperature 25°C and scanning electron microscope (SEM) observation.
RNA-sequencing and bioinformatics analysis
The RNA of mature leaves of ca1 and wild type, which were planted under ambient conditions, was extracted as described above. After the detection of RNA integrity on a Experion TM Automated Electrophoresis Station (Bio-Rad), about 2 lg of RNA was used for construction of an RNA-seq library using a TruSeq RNA Sample Prep Kit v2 (Illumina, http://www.illumina.com/) according to the manufacturer's instructions. Two biologically repeated RNAs were independently used for library construction. The libraries were then deeply sequenced on a HiSeq 2000 platform.
All the clean reads (the raw reads were deposited on Sequence Read Archive: accession numbers SRR1930126, SRR2347332 and SRR2416235) were mapped based on the reference genome (version 7.0, http://rice.plantbiology.msu.edu/) using TOPHAT (Trapnell et al., 2012) . The mapping results were used to calculate the gene expression values and identify differentially expressed genes by CUFFLINKS (Trapnell et al., 2012) .
Identification and phylogenetic analysis of the CA family in rice
Members of the CA family were identified by BLAST and CA conserved domain alignment at TIGR (http://rice.plantbiology. msu.edu/). The cDNA information for the CA family was examined at KOME (http://cdna01.dna.affrc.go.jp/cDNA/). The amino acid sequences of OsCAs and homologous CAs in Arabidopsis were selected for phylogenetic analysis. Multiple alignments and the phylogenetic tree of the protein sequences were respectively performed using CLUSTALW (http://www.infobiogen.f r/services/anlyseq/cgi-bin/clustalw_in.pl) and MEGA 3.1 (http:// www.megasoftware.net/) based on the protein sequences in Arabidopsis (Fabre et al., 2007) . The shaded alignments were outputted by the BOXSHADE program (http://www.ch.embnet.org/ software/BOX_form.html). The expression profiles of OsCAs were analyzed by CLUSTER 3.0 (http://bonsai.hgc.jp/~mdehoon/sof tware/cluster/software.htm) and presented by TREEVIEW (http://jtree view.sourceforge.net), based on the microarray data covering the entire life cycle of rice (Wang et al., 2009) . The intron phase was analyzed by the Gene Structure Display Server (http://gsd s.cbi.pku.edu.cn/).
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Multiple alignment of aCAs (a) and bCAs (b) from rice and Arabidopsis. Figure S2 . Intron phases and gene structures of OsCAs. Figure S3 . Putative duplication during the evolution of CAs. Figure S4 . Clustering of gene expression patterns of OsCAs according to the hybridization signals (Wang et al., 2009) . Figure S5 . Diagram of complementary and RNAi transformation vectors and copy number of complementary and RNAi lines. Data S1. Differentially expressed genes between cal and wild type plants identified by RNA sequencing. Data S2. Information about the CA gene family in rice. Data S3. Primers used in this study.
